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Abstract
The objective was to verify the relationship between equine semen cryopreservation and changes related to increased lipid
peroxidation. Also, addition of autologous or homologous seminal plasma from a stallion with a good freezing response to post-thawed
sperm was tested to determine whether it would confer protection. Frozen-thawed sperm were evaluated and allocated into three groups:
without plasma addition, and supplemented with either homologous or autologous seminal plasma. All groups were evaluated at 0, 60
and 120 min after incubation at 37 °C. Cryopreservation did not increase plasma membrane disorders (mean  SEM 9.48  0.65 and
1.62  0.23% in raw and frozen-thawed sperm, respectively). However, both membrane peroxidation and protein phosphorylation were
increased (P  0.05) compared to raw semen (1.74 and 5.20-fold, respectively). There was a correlation (r 0.73; P  0.05) between
he increase in lipid peroxidation and tyrosine phosphorylation. Seminal plasma, regardless of origin, reduced (P  0.05) tyrosine
hosphorylation present on the surface of cryopreserved sperm; however, lipid peroxidation was not significantly reduced. In conclusion,
e inferred that emergence of phosphorylated proteins on the surface of cryopreserved sperm was due to increased lipid peroxidation
hat occurred during the freezing/thawing process; however, reduced tyrosine phosphorylation that occurred after addition of seminal
lasma was triggered by other mechanisms, apparently independent from the reduction in membrane peroxidation.
 2012 Elsevier Inc. Open access under the Elsevier OA license.
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That changes in sperm membranes during semen
cryopreservation are similar to those in capacitlated
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oi:10.1016/j.theriogenology.2012.01.003cells has led to the assertion that cryopreservation pro-
motes sperm capacitation [1–3]. Cryocapacitation is
frequently mentioned as contributing to reduced lon-
gevity of cryopreserved sperm in the female reproduc-
tive tract [2,4–7].
Reactive oxygen species (ROS) are probably related
to the cryocapacitation process, since ROS significantly
increased during cryopreservation [8,9]. Small amounts
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phorylation residues through stimulation of protein ki-
nase A [10–14]. The presence of phosphorylated ty-
rosine residues in viable sperm (i.e., those with an
intact plasma membrane) can be identified with specific
antibodies conjugated to a fluorophore (e.g., fluorescein
isothiocyanate, FITC), allowing its detection by flow
cytometry, for example, in both porcine [15] and equine
[16] sperm.
The addition of seminal plasma to post-thawed se-
en reduced cryocapacitation, due to a decreased num-
er of capacitated and/or acrosome-reacted sperm in
umans and sheep [17–19]. In equine sperm, the addi-
ion of stallion seminal plasma with good post-thaw
eminal quality to the sperm of stallions with low post-
haw seminal quality increased both plasma membrane
ntegrity and progressive motility [20]. These benefits
were probably due to antioxidant mechanisms that
counteracted the deleterious effects of ROS [21,22].
Seminal plasma has high concentrations of ascorbate,
urate and thiol groups, in addition to low concentrations
of glutathione (GSH) and -tocopherol [23–25]. Fur-
thermore, the antioxidant enzymes catalase, superox-
ide-dismutase (SOD), glutathione peroxidase (GPX)
and glutathione reductase (GRD) are also present in
seminal plasma [26–28].
Therefore, we sought to determine: 1) the rela-
tionship between the capacitation-like changes and
increased peroxidation of sperm membranes that oc-
cur during cryopreservation; and 2) whether the ad-
dition of seminal plasma, either from the same animal
(autologous) or from another stallion (homologous)
whose plasma has a good freezing response, was capa-
ble of reducing and/or inhibiting lipid peroxidation,
therefore reducing the harmful effects induced by cryo-
capacitation.
2. Materials and methods
2.1. Reagents and chemicals
The skim milk extender (Botu-Sêmen) and the ex-
tender for equine semen cryopreservation with or with-
out cryoprotective agents (Botu-Crio) were purchased
from Biotech-Botucatu-Ltda/ME (Botucatu, SP, Bra-
zil). Hoechst 3342, C11-BODIPY581/591, Yo-Pro-1 and
merocyanine 540 were purchased from Molecular
Probes (Eugene, OR, USA). All other chemicals,
probes and the anti-phosphothyrosine antibody conju-
gated to a fluorescein were purchased from Sigma-
Aldrich (St Louis, MO, USA).2.2. Staining incubation medium
Samples for staining and flow cytometry analysis
were diluted in modified Tyrode’s medium (TALPm):
114 mM NaCl, 3.2 mM KCl, 0.5 mM MgCl2.6H2O mM,
.4 NaH2PO4.H2O, 5 mM glucose, 10 mM sodium lac-
tate, 0.1 mM sodium pyruvate, and 10 000 IU/100 mL
sodium penicillin without sodium bicarbonate. The pH
of the medium was corrected to 7.4 with NaOH.
2.3. Equine semen collection and raw semen
evaluation
Before and during the experimental period, semen
was collected thrice weekly. Five ejaculates collected
from four stallions were used in this experiment. The
stallions were constantly evaluated during several con-
secutive breeding seasons, had good fertility, and al-
ready produced healthy foals. All stallions were kept
under the same management conditions; they were
housed in stalls, released individually in adequate pad-
docks three times a week, and fed hay, grass, concen-
trates and mineral salt [29]. Semen collections were
performed using an artificial vagina (Missouri model),
and the gel fraction was separated and discarded. Im-
mediately after collection, semen was evaluated for the
following endpoints: total motility (consistently 75–
80%), lipid peroxidation in sperm with intact plasma
membranes, tyrosine phosphorylation, and capacitation
status of the plasma membrane.
2.4. Semen cryopreservation
Raw semen was diluted 1:1 (semen: extender) in
skim milk medium before centrifugation (500g for 15
min). After centrifugation, pellets were re-suspended in
freezing extender to a final concentration of 200  106
sperm/mL. Diluted semen was stored in 0.5-mL straws
(IMV International, St. Paul, MN, USA) and immedi-
ately frozen using an automatic system (TK 3000, TK
Tecnologia em Congelação, Ltda, Uberaba, MG, Bra-
zil) with a cooling curve of 0.25 °C/min until 5 °C was
reached. The freezing curve was performed at a rate of
20 °C/min from 5 to120 °C. Subsequently, the straws
were immersed in liquid nitrogen (196 °C), then
placed in racks and stored in cryogenic tanks.
2.5. Seminal plasma collection and storage
Homologous seminal plasma was obtained from a
stallion with good seminal quality and proven fertility.
The stallion had a fertility index higher than 50% preg-
nancy per cycle in the 2007/08 breeding season using
frozen semen. Autologous seminal plasma was previ-
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periment. Semen was collected from stallions from
both groups (homologous and autologous) and centri-
fuged at 3000g for 20 min. The sperm-free supernatant
as removed, filtered through membranes with 0.22
m pores, and stored at196 °C in cryogenic tanks for
future use.
2.6. Semen thawing and distribution into treatments
Four straws from each ejaculate were thawed in a 37
°C water bath for 30 s. Semen from the four straws was
pooled in a microcentrifuge tube. Total sperm motility
ranged between 50 and 65%. A sample was collected
for laboratory analysis (lipid peroxidation, tyrosine
phosphorylation and stability of the plasma membrane).
The remaining semen was diluted (100  106 sperm/
mL) and divided into three treatments: CON, contain-
ing the freezing extender without cryoprotectant; ASP,
containing 20% (v/v) autologous seminal plasma; and
HSP, containing 20% (v/v) homologous seminal
plasma. The samples diluted in autologous and homol-
ogous seminal plasma had final concentrations of 20%
(v/v) of seminal plasma (freezing extender without
cryoprotectant  seminal plasma), similar to the cal-
culated optimal concentration of 22.29% (v/v) [30].
After allocation into treatments, samples were kept at
37 °C until the end of the analysis. The experimental
groups were evaluated at three incubation periods: 0
(allowed to equilibrate for 5 min), 60, and 120 min.
The analysis at 120 min was chosen to mimic the
interval for sperm placed in the uterus to reach the
uterine tube [31].
2.7. Post-cryopreservation and post-seminal plasma
addition semen evaluation
Post-cryopreservation and post-seminal plasma ad-
dition semen were evaluated (as described above for
raw semen) for the following variables: lipid peroxida-
tion in sperm with intact plasma membranes, tyrosine
phosphorylation, and capacitation status.
2.8. Flow cytometry
After incubation of semen in TALPm and appropri-
ate dyes or antibodies, semen samples were analyzed
with BD FACSDiva 6.0 software (Becton, Dickinson
and Company, San Jose, CA, USA) and the BD FAC-
SAria flow cytometer (Becton, Dickinson and Com-
pany). Samples were analyzed at an acquisition rate of
approximately 600 to 1000 events/s, with 10 000 cells
acquired per sample. Cells were simultaneously excited
by an argon laser at 488 nm and by a near UV laser at375 nm. Cell debris and particulates were excluded
from acquisition and analysis by adjustments on thresh-
old and Hoechst 3342 (H342, 40 g/mL) staining.
2.8.1. Stability evaluation (capacitation) of the
plasma membrane
For stability analysis of the plasma membrane by
flow cytometry [32,33], samples were incubated in
TALPm solution at a concentration of 5  106
sperm/mL in 147 L with 2 L of H342. Subsequently,
0.5 L of Yo-Pro-1 fluorescent probe was added to the
ample (7.5 M), resulting in a final concentration of 25
M. The Yo-Pro-1 is impermeable to the intact plasma
membrane; however, it can cross the membrane of cells
undergoing apoptosis or those with signs of cell death
(e.g., damaged plasma membrane). After incubation of
each sample for 20 min, merocyanine 540 fluorescent
probe was added (810 M in a concentration of 2.7 M
in 150 L), followed by incubation for 70 s. Samples
were then diluted in 150 L of TALPm and analyzed
y flow cytometry. Merocyanine 540 staining yielded
wo distinct populations of viable cells (Yo-Pro-1 neg-
tive): one with low fluorescence emission (considered
on-capacitated) and the other with high fluorescence
capacitated, with a high level of lipid bilayer disorga-
ization) captured in the long Pass-595 and band-pass-
10/20 nm, respectively (Supplementary Fig. 1, on-line
ersion only).
.8.2. Detection of tyrosine phosphorylation
Semen samples were diluted in TALPm (final con-
entration of 1  106 sperm/mL in 141 L) and 2 L
of H342 was added. After incubation for 10 min at 37
°C, 6 L of the antiphosphothyrosine antibody conju-
ated to a fluorescein (F0426, 100 g/mL) was added
to this suspension (final concentration of 2 g/mL).
hen, 3 L of PI (0.5 mg/mL) was added to the sample
o exclude cells with a damaged plasma membrane. The
ample was incubated for 5 min at 37 °C and submitted
o flow cytometry [15,16]. The mean intensity of fluo-
escence emission (a.u.) [34] captured in the photo-
ultiplier with a long pass of 502 and a band pass of
30  15 nm were analyzed in viable cells (PI nega-
ive) labeled with the antiphosphotyrosine antibody
Supplementary Fig. 2, on-line version only). To assess
he specificity of the antiphosphotyrosine antibody, in a
reliminary experiment (unpublished), the antibody
as preincubated with a saturated solution of O-phos-
ho-L-tyrosine (ortho-pY, 50 mM) for 60 min at room
temperature, followed by an incubation of this solution
with sperm for 300 min under capacitating conditions
[incubation media: TALP medium (100 mM NaCl, 3.1
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mM NaHCO3, 2.1 mM CaCl2.2H2O, 35 mM sodium
lactate, 10 mM HEPES supplemented with 10 g mL1
heparin, 22 g/mL sodium pyruvate, 50 g mL1 gen-
tamycin, 6 mg/mL fatty acid-free BSA and PHE solu-
tion (2 M penicillamine, 1 M hypotaurine and 0.25
M epinephrine) [35]. Fluorescence intensity was con-
iderably diminished after preincubation of the an-
iphosphotyrosine antibody with ortho-pY. That preab-
orption of the antibody with orthophosphotyrosine
educed mean intensity of fluorescence emission ap-
roximately 1.68  0.11 fold demonstrated the suit-
bility of this antibody for analysis of equine sperm.
.8.3. Evaluation of lipid peroxidation in the sperm
ith intact plasma membranes
Membrane peroxidation was measured with the flu-
rescent probe C11-BODIPY581/591 [36]. Sperm ali-
uots were collected at each analysis step and diluted in
ALPm (5  106 sperm/mL in a final volume of 499.5
L). Samples were then stained with 0.5 L of C11-
ODIPY581/591 probe (1 mg/mL) for 30 min at 37 °C.
fter the incubation period, 145 L of sample was
stained with 2 L of H342 and 3 L of PI (0.5 mg/mL).
fter incubation for 5 min at 37 °C, sperm were diluted
2.5  106 sperm/mL by addition of 150 L of
TALPm) and analyzed by flow cytometry. Positive
controls were obtained after addition of 80 M ferrous
sulfate to remaining sperm suspensions [37]. The mean
intensity of fluorescence emission (a.u.) [34], captured
in the photomultiplier with a long pass of 502 and a
band pass of 530  15 nm, was analyzed in the viable
sperm (PI negative) C11-BODIPY581/591 positive
sperm (Supplementary Fig. 3, on-line version only).
2.9. Statistical analysis
The experimental design was a randomized block,
with each stallion (n  4) considered as one block.
Dependent variables were arcsine transformed, and
then subjected to ANOVA (PROC GLM) [38]. For data
gathered after addition of seminal plasma, a one-factor
(time) repeated measure was added to the analysis. The
group by time interaction was determined by the Green-
house-Geisser test (PROC GLM of SAS). Analyses
within each time were carried out with a Fisher test
(LSD). All data are presented as mean  SEM. The
Pearson linear correlation was calculated to verify the
relationship between membrane peroxidation and phos-
phorylation of tyrosine present on the sperm cell sur-
face after freezing and thawing. For all analyses, P 
0.05 was considered significant.3. Results
3.1. Effect of cryopreservation on sperm
The effect of cryopreservation on peroxidation of
sperm membranes, on the phosphorylation of tyrosine
residues present on the sperm surface, on plasma mem-
brane stability, and the relationship between peroxida-
tion of sperm membranes were analyzed in raw and
frozen-thawed sperm (before distribution of cryopre-
served sperm into treatments).
3.1.1. Consequence of cryopreservation for plasma
membrane stability (capacitation)
Merocyanine 540 staining identified two distinct flu-
orescent patterns in viable (Yo-Pro-1 negative) sperm,
one was characterized by poor fluorescent cells and the
other by relatively high fluorescent cells. Sperm cells
with poorly fluorescent heads were considered nonca-
pacitated, whereas a highly fluorescent sperm head
was considered characteristic of a capacitated sper-
matozoon. These patterns have already been reported
[33]. Frozen-thawed sperm had fewer (P  0.05)
cells considered capacitated (9.48  0.65 vs. 1.62 
0.23% % in raw and frozen-thawed samples, respec-
tively).
3.1.2. Effect of cryopreservation on the
phosphorylation of tyrosine residues present on the
sperm surface
The mean intensity of fluorescence emission (a.u.)
[34] captured in the photo-multiplier with a long pass of
502 and a band pass of 530 15 nm was analyzed in
viable cells (PI negative) bound with fluorescein iso-
thiocyanate conjugated with antiphosphotyrosine anti-
body. The intensity of fluorescence emission was in-
creased 5.20-fold (P  0.05) in frozen-thawed sperm
when compared to raw samples (397.45  99.01 and
76.4  4.14 a.u., respectively).
3.1.3. Effect of cryopreservation on the peroxidation
of sperm membranes
The mean intensity of fluorescence emission (a.u.)
[34], captured in the photomultiplier with a long pass
of 502 and a band pass of 530 15 nm, was analyzed
in the viable sperm (PI negative) labeled with C11-
BODIPY581/591. There was an increase of approxi-
mately 1.74-fold in the intensity of the fluorescence
in frozen-thawed equine sperm when compared to
the raw semen (158.05  14.83 vs. 90.9  3.68 a.u.).
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sperm membranes and phosphorylation of the
tyrosine present on the sperm surface
There was a correlation (r  0.73; P  0.05) be-
tween sperm membrane peroxidation assessed by PI/
C11-BODIPY581/591 staining and the presence of phos-
phorylation of the tyrosine residues assessed by
antiphosphotyrosine antibody/FITC labeling on the sur-
face of frozen-thawed equine sperm.
3.2. Effect of time of seminal plasma addition on
capacitation-like changes and membrane
peroxidation
3.2.1. Effect of seminal plasma addition over time on
maintenance of stability of the plasma membrane
Since the time  treatment interaction for percentage
of capacitated cells was not significant, main effects were
analyzed separately. The addition of seminal plasma, re-
gardless of source, decreased the number of capacitated
sperm compared to CON (P 0.05). In that regard, there
were 1.22  0.13, 1.25  0.11, and 1.86  0.20%
capacitated sperm in the ASP, HSP and CON groups,
respectively. When time was analyzed, the percentage of
cells considered capacitated did not change in the first 60
min of incubation (1.65  0.12% at 0 min to 1.54 
0.15% at 60 min; P  0.05); however, a reduction on the
percentage of this population (P  0.05) occurred after
20 min of incubation (1.14  0.18% at 120 min).
.2.2. Effect of seminal plasma addition on the
hosphorylation of tyrosine residues present in the
perm surface
There was no significant interaction between time and
reatment; therefore main effects were analyzed sepa-
ately. There was a reduction (P  0.02) in the degree of
rotein tyrosine phosphorylation in groups ASP and HSP
hen compared to CON (mean fluorescence intensity of
76.87  42.07, 322  30.91, and 603.38  98.83 a.u.,
espectively). These results confirmed a decreased quan-
ity of phosphorylated proteins present on the sperm cell
urface. When time was analyzed, there was an increase in
yrosine phosphorylation from 0 to 60 min (309.95 
2.61 and 507.47  93.72), which was maintained until
20 min of incubation (485.71  54.76).
.2.3. Consequence of seminal plasma addition on
ipid peroxidation of sperm membranes
There was no significant interaction for mean intensity
f fluorescence emission captured in the photomultiplier
ith a long pass of 502 and a band pass of 530  15 nm
nd emitted by C11-BODIPY581/591oxidized form. There-
fore, main effects were analyzed separately. There were fno significant effect of treatment on intensity of fluores-
cence emitted by viable cells (116.00  2.83, 125.57 
6.89, and 122.10  5.15 a.u. for CON, ASP, and HSP,
respectively). When the effect of time was analyzed, the
fluorescence intensity of C11-BODIPY581/591 oxidized
orm increased (P  0.02) after 120 min of incubation.
rom 0 to 60 min of incubation, there was no difference
P  0.05) in oxidation of the probe (mean fluorescence
ntensity 111.77  2.46 vs. 121.82  2.95 a.u., respec-
ively). However, after 120 min of incubation, mean flu-
rescence intensity reached 130.08  8.08 a.u.
. Discussion
Sperm capacitation involves sequential events and
everal physiological changes, such as alterations in
embrane fluidity [39], modifications in motility [40],
ncreases in intracellular signaling; [41] it culminates
ith the acrosome reaction after the spermatozoon
inds to the zona pellucida [42]. Based on some of
hese events, it has been postulated that cryopreserva-
ion of equine sperm causes changes similar to those
uring capacitation. This study confirmed that raw se-
en is naturally heterogeneous; [4,5] it consists of
on-viable sperm (positive for PI or Yo-pro-1), viable
on-capacitated (negative for Yo-pro-1 and negative
or merocyanine 540), and viable capacitated (negative
or Yo-pro-1 and positive for merocyanine 540).
It was recently reported [43] that cryopreservation did
ot increase the number of viable (negative for Yo-pro-1)
perm cells positive for merocyanine 540, in agreement
ith the present results. Although an increase in mem-
rane fluidity was not detected after sperm thawing, alter-
tions in the plasma membrane may have occurred [44],
articularly between 15 and 5 °C, the critical phase where
cold shock” occurred [1,45]. Nevertheless, in this study,
ost-thawed sperm had a significant increase in the pres-
nce of phosphorylated proteins on the sperm cell surface.
nexpectedly, this was not accompanied by an increase in
he number of cells designated capacitated based on anal-
sis with Yo-pro-1 and merocyanine 540 [46]. However,
here was a positive correlation (r 0.73; P 0.05) with
he increased lipid peroxidation that occurs during freez-
ng and thawing of equine semen. This increased ROS
ould generate cAMP, which in turn could enhance ty-
osine phosphorylation through stimulation of kinase A
10–14,47].
We speculate that cryopreservation includes periods
hen sperm acquire characteristics inherent to capacita-
ion (presence of phosphorylated proteins on the cell sur-
ace) [15,16,48], but that these stimuli occur in a disor-
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thawed equine sperm may explain, in part, the low
survival rate of these cells in the female reproductive tract.
In this study, the addition of frozen homologous sem-
inal plasma (from a stallion of good seminal quality and
proven fertility) post-thawing did not improve any of the
characteristics evaluated when compared to the effects of
autologous plasma. Supplementation of seminal plasma
before freezing of boar sperm improved motility, viability
and in vitro fertilizing capacity of thawed sperm [19].
Similarly, progressive motility and membrane integrity of
equine sperm were improved when seminal plasma from
stallions with high post-thaw sperm motility was added
(before freezing) to ejaculates from stallions with low
post-thaw motility [20,48].
The inhibiting effect of seminal plasma on capacitation
is probably the result of proteins that are bound to the
surface, which prevent changes in the membrane that are
needed for capacitation and/or inhibit the transduction
signals of capacitation to other parts of the cell [7]. This
was supported by the observation that the addition of
seminal plasma reduced the quantity of phosphorylated
proteins on the plasma membrane surface, in addition to
decreasing the percentage of capacitated cells.
Seminal plasma contains small membranous vesi-
cles called prostasomes [49]. Although the exact role of
these particles remains elusive, it seems that they have
several reproductive functions, including antioxidant
and immunomodulatory activities [50]. Whether such
alterations consequent to seminal plasma supplementa-
tion are due to an effect of proteasomes in equine
frozen-thawed semen has not been determined.
Although seminal plasma contains antioxidant mecha-
nisms that prevent the harmful effects of ROS [21,22], it
did not reduce peroxidation of sperm membranes. In gen-
eral, peroxidation of sperm membranes increased during
the incubation period in the present study, regardless of
treatment group. Perhaps there was depletion of the anti-
oxidant mechanisms present in the sperm plasma mem-
brane during incubation (37 °C), and seminal plasma
antioxidant capacity [23–28] was unable to prevent per-
oxidation produced in the plasma membrane.
In conclusion, we inferred that emergence of phos-
phorylated proteins on the surface of cryopreserved
sperm cells was due to increased lipid peroxidation that
occurs during the freezing/thawing process; however,
the reduction in phosphorylation of tyrosine that occurs
after the addition of the seminal plasma was apparently
triggered by other mechanisms, independent of the re-
duction in membrane peroxidation.Appendix A. Supplementary data
Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/
j.apmr.2010.12.027.
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and non-DNA containing particles. (B) Histogram showing DNA containing particles (sperm) labeled with H3342 arises from quadrant
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h1872.e3A.F.C. de Andrade et al. / Theriogenology 77 (2012) 1866–1872Supplementary Fig. 3. Representative dot plots and histograms of frozen-thawed equine sperm after addition of treatments (CON, ASP and HSP)
and incubated for 120 min in a 37 °C water bath. (A) Side scatter X forward scatter dot plot. Quadrant “celldebris” contains population of cells
and non-DNA containing particles. (B) Histogram showing DNA containing particles (sperm) labeled with H3342 arises from quadrant
“celldebris.” (C) Sperm are analyzed to exclude dead cells. Events registered in the ML (upper region) are stained with PI, whereas events in
the MI (lower region) are not stained, and are identified as viable cells. Quadrant MI contains the population of live cells. (D) The mean intensity
of fluorescence emission (a.u.), captured in the photomultiplier with a long pass of 502 and a band pass of 53015 nm, was analyzed in the viable
sperm (MI) labeled with C11-BODIPY581/591 and are represented in histogram. The mean linear values for fluorescent intensities, arising from
istogram, are shown in E.
